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Photosensitized efficacy of tetrasulfonated phthalocyanines of zinc, aluminum and nickel (ZnPcS4, AlPcS4 and NiPcS4, respectively) as
studied by gramicidin channel (gA) photoinactivation was compared with adsorption of the dyes on the surface of a bilayer lipid membrane as
measured by the inner field compensation method. The adsorption of the negatively charged phthalocyanines on diphytanoylphosphatidylcholine
(DPhPC) membranes led to formation of a negative boundary potential difference between the membrane/water interfaces. Good correlation was
shown between the photodynamic activity and the membrane binding of the three metallophthalocyanines. ZnPcS4 appeared to be the most potent
of these photosensitizers, while NiPcS4 was completely ineffective. All of these phthalocyanines displayed no binding and negligible gA
photoinactivation with membranes formed of glycerol monooleate (GMO), whereas Rose Bengal exhibited significant binding and photodynamic
efficacy with GMO membranes. Gramicidin photoinactivation in the presence of AlPcS4, being insensitive to the ionic strength of the bathing
solution, was inhibited by fluoride and attenuated by phosphate ions. A blue shift of the fluorescence peak position of ZnPcS4 dissolved in ethanol
was elicited by phosphate, similarly to fluoride, which was indicative of the coordination interaction of these ions with the central metal atom of
the phthalocyanine macrocycle. This interaction was enhanced in the medium modeling the water–membrane interface. The results obtained imply
that binding of tetrasulfonated metallophthalocyanines to phospholipid membranes is determined primarily by metal–phosphate coordination.
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During the last 20 years phthalocyanines having high molar
absorption coefficients in the red region of the spectrum were
extensively studied as efficient second-generation photosensi-
tizers for photodynamic therapy [1–3]. There is a large body of
evidence showing that photodynamic effects of phthalocyanines
are generally mediated by singlet oxygen [4]. Membrane photo-Abbreviations: BLM, bilayer lipid membrane; gA, gramicidin A; DPhPC,
diphytanoylphosphatidylcholine; MPcS4, tetrasulfonated metallophthalocya-
nine; AlPcS4, Aluminium tetrasulfophthalocyanine; ZnPcS4, Zinc tetrasul-
fophthalocyanine; NiPcS4, Nickel tetrasulfophthalocyanine; RB, Rose Bengal;
GMO, glycerol monooleate; IFC, intramembrane field compensation method;
Δϕb, difference of boundary potentials
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doi:10.1016/j.bbamem.2007.05.018modification has been identified as one of the main conse-
quences of the photodynamic action being critical to cell
damage [5,6]. Because of rather short lifetime and mean dif-
fusion distance of singlet oxygen in biological systems [7],
proximity of photosensitizers to targets of photodynamic action,
in particular the binding to membranes, is of importance for
their efficiency. Actually, it was shown that membrane binding
of phthalocyanines is a prerequisite for the photosensitized
damage to both artificial [8] and natural [9] membranes. Of the
factors determining the photosensitizer binding to lipid mem-
branes, hydrophobic interactions have been considered mostly
[10,11]. For water-soluble sulfonated phthalocyanines, there
has been reported the qualitative correlation between the photo-
cytotoxicity and lipophilicity of the compounds [12–14].
Electrostatic interaction associated with the negative surface
potential of natural membranes has been also shown to par-
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phthalocyanine [15]. However, the data on the inhibition of the
aluminum phthalocyanine binding by adding fluoride [16–19]
imply that some other factor, apart from hydrophobic and
electrostatic interactions, contributes to membrane binding of
phthalocyanines. Here we present experimental data indicating
that this factor may be specific interaction of a phthalocyanine
metal center with a phosphate group of phosphatidylcholine.2. Materials and methods
2.1. Measurements of the boundary potential difference on planar
bilayers
Bilayer lipid membranes were formed by the brush technique [20] from the
solution of diphytanoylphosphatidylcholine (Avanti Polar Lipids, Alabaster,
AL) or monooleoyl-glycerol (Sigma) in decane (15 mg/ml) on the 0.8–1.2 mm
hole in the teflon septum. Electrical measurements were performed using silver-
chloride electrodes with agar bridges. The bridges were made from standard
plastic pipette tips (for 200 μl sampler), the bottom part of which was closed by
agar, and the remaining volume was filled by the 0.1 M KCl solution. Total
electrical resistance of the electrodes with the bridges did not exceed 50 kOm.
Thinning of the membrane was monitored as an increase in its capacitance by
measuring the electric current initiated by alternating voltage of the triangle
waveform applied to the membrane.
The difference of boundary potentials between opposite sides of the
membrane was measured by the intramembrane field compensation (IFC)
method using the second harmonic of the capacitive current [21]. The sum of
sinusoidal and DC voltages was applied to the membrane, which can generate
the second harmonic due to membrane compression induced by the
intramembrane field. The value of DC voltage was adjusted to compensate
the intramembrane field that was detected by the disappearance of the second
harmonic. The setup made it automatically due to the negative feedback. The
second harmonic signal of the capacitive current from the output of Keithley-
427 was amplified by a selective amplifier (F582, Russia), digitized by the
ADC-DAC board (Lcard L780, Russia) and transmitted to a computer. With the
aid of the software written by the authors, the computer transformed the second
harmonic signal into a shift of DC voltage that was applied from the analog
output of ADC-DAC board (Lcard L780) to the membrane as DC bias of the
sinusoidal voltage. Due to this feedback, the applied potential was settled at the
level corresponding to disappearance of the second harmonic of the membrane
current, i.e. to compensation of the intramembrane field. This compensating
potential, being equal to the difference of boundary potentials of the membrane,
was measured and recorded as a function of time.
2.2. Sensitized photoinactivation of gramicidin-mediated current in
planar bilayers
Bilayer lipid membranes (BLMs) were formed on a 0.55-mm diameter hole
in a Teflon partition separating two compartments of a cell containing aqueous
solutions of 100 mM KCl, 10 mMMES, 10 mM Tris and 0.05 mM EDTA at pH
7.0. Gramicidin A (gA) was added from stock solutions in ethanol to the bathing
solutions at both sides of the BLM and routinely incubated for 15 min with
constant stirring. Experiments were carried out at room temperature (24–26 °C).
Aluminium tetrasulfophthalocyanine (AlPcS4) was from Porphyrin Products,
Logan, UT, zinc tetrasulfophthalocyanine (ZnPcS4) was from Frontier
Scientific, and nickel tetrasulfophthalocyanine (NiPcS4) was from Fluka. The
dyes were added to the bathing solution at the trans-side (the cis-side is the front
side with respect to the flash lamp). The electric current (I) was recorded under
voltage-clamp conditions. The electrical current (I) was measured with a
Keithley 428 amplifier, digitized by a LabPC 1200 (National Instruments,
Austin, TX) and analyzed using a personal computer with the help of WinWCP
Strathclyde Electrophysiology Software designed by J. Dempster (University of
Strathclyde, UK). Ag–AgCl electrodes were placed directly into the cell and a
voltage of 30 mV was applied to BLM. BLMs were exposed to 20-s continuousillumination with a halogen lamp (“Novaflex”, World Precision Instruments,
USA) providing an incident power density of 30 mW/cm2 or single flashes
produced by a xenon lamp with flash energy of about 400 mJ/cm2 and flash
duration b2 ms. A glass filter cutting off light with wavelengths b500 nm was
placed in front of the lamp. To avoid electrical artifacts, the electrodes were
covered with black plastic tubes. Illumination of BLM by visible light in the
presence of a photosensitizer is known to suppress the gramicidin-mediated
transmembrane current (I) [22–25]. The photoinactivation of gramicidin A in
BLM results from the damage to its tryptophan residues caused by reactive
oxygen species that are generated upon interaction of excited photosensitizer
molecules with oxygen [26–28]. It has been shown that the light-induced
decrease in the gramicidin-mediated current is due to the reduction of the
number of open channels, while the single channel conductance remains
unaltered [22]. Therefore, the relative decrease in the current, α=(I0− I) / I0,
induced by illumination is equal to the damaged portion of gramicidin channels.
This parameter enables to compare the efficacy of different photosensitizers.
2.3. Optical measurements
Fluorescence emission spectra of phthalocyanines excited at 400 nm were
recorded with a Panorama Fluorat 02 (Lumex, Russia) fluorescence spectro-
photometer with excitation and emission slits adjusted to 5 nm.3. Results
To estimate the binding of tetrasulfonated metallophthalo-
cyanines (MPcS4) to lipid membranes, we used the inner-field
compensation method that enables to measure the difference of
boundary potentials (Δϕb) resulting from adsorption of charged
compounds at one side of a planar bilayer lipid membrane
[21,29–31]. From the time courses of a change in Δϕb after the
one-side addition of 100 μM AlPcS4 (Fig. 1A) and 100 μM
ZnPcS4 (Fig. 1B) to the membrane formed of DPhPC, it is seen
that both of these dyes induced the appearance of a negative
charge on the membrane surface showing their binding to the
DPhPC membrane. The dye affinity to the membrane was
higher for ZnPcS4 than for AlPcS4, as judged by the value of
Δϕb measured 50 min after the dye addition. The subsequent
addition of potassium fluoride (10 mM) almost completely
removed the effect of AlPcS4 onΔϕb (Fig. 1A), whereas it only
slightly changed the Δϕb value observed after the addition of
ZnPcS4 (Fig. 1B). These results agree with earlier data
demonstrating the fluoride-induced inhibition of AlPcS4
binding to artificial [8] and natural [17] membranes, as well
as to proteins [16]. The higher affinity of ZnPcS4 than of AlPcS4
to the DPhPC membrane was confirmed by concentration
dependences of Δϕb (Fig. 2). Similar measurements with
NiPcS4 showed its negligible binding to the DPhPC membrane.
The adsorption measurements enable to estimate the density
of phthalocyanine molecules bound to the surface of BLM.
Assuming that the boundary potential created by phthalocya-
nines on BLM obeys the Gouy–Chapman equation, one can
evaluate the surface charge density [31]. The highest value of
Δϕb for AlPcS4 in Fig. 2 (15 mV) corresponds to the surface
charge density of 11 mC/m2. Assuming that the charge is
created by 4 sulfo groups, the area occupied by a single
molecule of phthalocyanine can be evaluated as 60 nm2, that is
approximately 100 times higher than the area occupied by a
single phospholipid molecule. The density of ZnPcS4 evaluated
in the same way is higher: the maximal Δϕb in Fig. 2 (75 mV)
Fig. 3. Binding of ZnPcS4, AlPcS4 and Rose Bengal to the GMO membrane as
measured by the boundary potential difference (Δϕb) after the addition of
2.5 μMRose Bengal (top curve), two additions of 50 μMZnPcS4 (middle curve)
and two additions of 50 μMAlPcS4 (bottom curve) at one side of the membrane.
The solution was 100 mM KCl, 10 mM HEPES, pH 7.5.
Fig. 2. The dependence of the steady-state value of Δϕb on the concentration of
AlPcS4, ZnPcS4 and NiPcS4 at one side of the membrane. The solution was
100 mM KCl, 10 mM HEPES, pH 7.5. The membrane was formed of DPhPC.
Fig. 1. Binding of AlPcS4 (panel A) and ZnPcS4 (panel B) as measured by the
boundary potential difference (Δϕb) after the addition of 100 μMAlPcS4 (panel
A) and 100 μMZnPcS4 (panel B) at one side of the membrane. The binding was
modulated by the addition of 10-mM KF at the same side as phthalocyanines.
The solution was 100 mM KCl, 10 mM HEPES, pH 7.5. The membrane was
formed of DPhPC.
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equivalent to 10-nm2 area per one ZnPcS4 molecule, or 20
phospholipid molecules.
Fig. 3 displays the data onΔϕb monitoring after the one-side
addition of 100 μM AlPcS4 and ZnPcS4 to the membrane
formed of GMO (Fig. 3). The absence of a noticeable change in
Δψ showed that both AlPcS4 and ZnPcS4 do not bind to the
GMO membrane. However, there was strong binding of Rose
Bengal (RB) to this membrane.
As shown previously [8], phthalocyanine binding to a lipid
membrane is a prerequisite for the photodynamic effect on
targets residing in the membrane. This has been proved, in
particular, with photodynamic inactivation of ion channels
formed by the pentadecapeptide gramicidin A (gA) in a lipid
membrane. From the recordings of the macroscopic electric
current induced by gA across BLM, it is seen that visible light
irradiation of BLM provoked the suppression of the current only
in the presence of a photosensitizer (Fig. 4). The suppression
induced by AlPcS4 in the case of the DPhPC membrane (Fig.
4A, curve 2) was not altered by increasing the potassium
Fig. 5. Concentration dependence of the decrease in the gramicidin-mediated
current across a planar lipid membrane formed of DPhPC as a result of
illumination with visible light during 20 s. Curve 1 was with ZnPcS4, curves 2–3
were with AlPcS4, curve 4 was with NiPcS4. Curve 3 was measured in the
presence of 100 mM KH2PO4 buffer (pH 7). In curves 1, 2, 4 the solution was
100 mM KCl, 10 mM Tris, 10 mM MES, pH 7.
Fig. 6. Effect of fluoride anions on the photodynamic action of ZnPcS4 (curve 1)
and AlPcS4 (curve 2). The concentrations of photosensitizers were chosen so
that the gramicidin-mediated current across BLM was suppressed by 50–60%.
The ordinate showed the magnitude of the decrease in the gramicidin-mediated
current across a planar lipid membrane formed of DPhPC as a result of
illumination with visible light during 20 s. The solution was 100 mM KCl,
10 mM Tris, 10 mM MES, pH 7.
Fig. 4. Photoinactivation of gramicidin channels sensitized by AlPcS4 with
DPhPC (panel A) and GMO (panel B) membranes. (Panel A) The time course of
the decrease in the gramicidin-mediated current (I) across a planar lipid
membrane as a result of illumination with visible light during 20 s (shown as a
bar). Curve 1 was a control without a photosensitizer, curves 2–4 were obtained
with 80 nM AlPcS4. Curve 3 was in the presence of 1 mM KF. Curve 4 was
obtained under the conditions of high ionic strength (1 M KCl). (Panel B) The
flash-induced decrease in the gramicidin-mediated electrical current (at t=0).
Curve 1 was with 10 μM AlPcS4. Curve 3 was with 1 μM Rose Bengal. The
solution was 100 mM KCl, 10 mM Tris, 10 mM MES, pH 7.
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prevented by the addition of potassium fluoride (curve 3).
Remarkably, AlPcS4 was practically ineffective with gA
incorporated into the GMO membrane (Fig. 4B, curve 1), in
contrast to RB that produced significant gA photoinactivation
under these conditions (Fig. 4B, curve 2). These findings
correlate with the data on the binding of AlPcS4 and BR to
DPhPC and GMO membranes (Fig. 3).
Fig. 5 depicts dependences of the amplitude of gA photo-
inactivation on the concentration of AlPcS4, ZnPcS4 and
NiPcS4. The results obtained are in agreement with the data
on the binding of different tetrasulfonated metallophthalocya-
nines to the DPhPC membrane (Fig. 2): ZnPcS4 provoked gA
photoinactivation at smaller concentrations as compared to
AlPcS4, while NiPcS4 was completely ineffective. The latter
can be explained both by poor binding to the DPhPC membraneand low singlet oxygen yield of NiPcS4 [32]. It is remarkable
that the amplitude of gA photoinactivation in the presence of
AlPcS4 decreased markedly, if potassium chloride was replaced
by potassium phosphate in the bathing solution (Fig. 5, compare
curves 3 and 2).
Fig. 6 shows the dependence of the amplitude of gA
photoinactivation induced by AlPcS4 and ZnPcS4 on the
concentration of potassium fluoride. It is seen that the
photodynamic effect of ZnPcS4 is insensitive to fluoride (Fig.
6, curve 1), in contrast to that of AlPcS4, which is consistent
with the data on the membrane binding of AlPcS4 and ZnPcS4
(Fig. 1B). Fluoride effectively inhibited gA channel photo-
inactivation in the presence of AlPcS4 (Fig. 6, curve 2), in
agreement with the previous data [8,19].
It is known that the interaction of AlPcS4 with fluoride ions
in the aqueous solution manifests itself in the blue shift of the
Fig. 7. Fluorescence emission spectra of AlPcS4 (panels A and B) and ZnPcS4 (panels C and D) in ethanol (panels A and C) and in aqueous solution (panels B and D).
Curve 1, controls; curve 2, in the presence of 1 mMKH2PO4; curve 3, in the presence of 1 mMKF. The aqueous solution was 100 mMKCl, 10 mMTris, 10 mMMES,
pH 7.
2463A.A. Pashkovskaya et al. / Biochimica et Biophysica Acta 1768 (2007) 2459–2465absorption and fluorescence maxima [17,18]. By contrast,
fluoride ions do not affect the peak positions of ZnPcS4 under
these conditions [17,18]. Our data presented in Fig. 7 are
consistent with these earlier observations. It follows from our
experiments that the magnitude of the fluorescence band shift
induced by fluoride with AlPcS4 depends on the solvent being
increased in ethanol (Fig. 7A) as compared to water (Fig. 7B).
Moreover, in ethanol, fluoride produced the band shift with
ZnPcS4 (Fig. 7C), which is absent in water (Fig. 7D). ZnPcS4
dissolved in ethanol (Fig. 7C), but not in water (Fig. 7D), also
responded by the fluorescence band shift to the addition of
phosphate. This response was not characteristic of AlPcS4
(Fig. 7A, B).
4. Discussion
In the present study we focused on the mechanism of
metallophthalocyanine binding to bilayer lipid membranes by
using two approaches: (1) measuring electrostatic potentials
created by adsorption of metallophthalocyanines on the water/
membrane interface, and (2) determining photodynamic
efficacy of the dyes as probed by photoinactivation of gra-
micidin channels in lipid membranes. The adsorption measure-
ments demonstrated binding of metallophthalocyanines to
DPhPC bilayers (Figs. 1, 2) but not to GMO bilayers(Fig. 3) lacking phosphate groups. The efficiency of the
metallophthalocyanine binding to DPhPC depended on the
central metal atom and varied in the following series:
ZnNAlNNi (Fig. 2). The results of photoinactivation experi-
ments (Figs. 4–6) correlated with the adsorption data. In
particular, ZnPcS4 appeared to be the more potent photo-
sensitizer for gA channel inactivation than AlPcS4. Both of
these dyes exhibited the binding and the photodynamic activity
with DPhPC but not with GMO membranes. These findings
combined with the observation of the inorganic phosphate
effect on gA photoinactivation (Fig. 5) and the spectral data
(Fig. 7) indicate that formation of a coordination bond between
a central metal atom and a phosphate group of phospholipid
plays an essential role in the binding of sulfonated metal-
lophthalocyanines to the lipid membrane. This is supported by
the marked effect of fluoride on gA photoinactivation in the
presence of AlPcS4 (Fig. 4). The inhibiting effect of fluoride
on the membrane binding of AlPcS4 (Fig. 1A) can be
explained by formation of the coordination bond between
fluoride and aluminum that competes with the aluminum–
phospholipid interaction.
According to [33], in phthalocyanine complexes, aluminum
can be penta- or hexacoordinated, zinc is tetra- or penta-, but not
hexacoordinated, whereas nickel is only tetracoordinated. The
latter readily explains the negligible interaction between NiPcS4
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the membrane binding (Fig. 1) and the photodynamic activity
(Fig. 6) of ZnPcS4 can be associated with the effective
competition of water as the fifth ligand of pentacoordinated
Zn with fluoride known to be a weak-field ligand. In the case of
AlPcS4, the formation of the coordination bond of positively
charged central aluminum with fluoride is promoted by
Coulomb attraction. It follows from our spectral data (Fig. 7)
that the interaction of pentacoordinated Zn with phosphate is
stronger in ethanol than in water, i.e. in the medium with a lower
dielectric constant being close to the value characteristic of the
water–membrane interface [34,35].
The idea of involvement of phosphate groups of phospho-
lipids in the membrane binding of metallophthalocyanines is
strengthened by the fact that the formation of coordination
complexes with phosphate groups of the phosphodiester moiety
is essential for binding of di- and multivalent cations to lipid
membranes [36–38]. In particular, Ermakov et al. [39] have
shown that divalent cations can bind to phospholipid mem-
branes, but not to those formed of GMO. Adsorption of Al3+ on
phospholipid bilayers was demonstrated by measuring electro-
static potentials on planar BLM [40]. Recently, binding of Al3+
and Zn2+ to phosphatidylcholine bilayers was studied by 27Al
and 31P NMR [41] and IR [42] spectroscopic measurements.
Based on the chemical shifts favoring the close proximity of
aluminum to phosphorus, MacKinnon et al. [41] proposed a
model of the aluminum–bis–phospholipid complex.
In summary, the present results indicate that the coordination
interaction of a central metal atom with a phosphate group of
phospholipid is involved in the membrane binding of
metallophthalocyanines, which is apparently important for the
photodynamic activity of these photosensitizers in cell culture
and in vivo. Therefore our data may be useful for the search of
new potent photosensitizers, as well as for studying mechan-
isms of their distribution in cells and tissues.
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